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FOREWORD 

This is  the f inal  report  for NASA Contract NASW-1368. 

performed under the technical direct ion of NASA Electronic Research Center, 

Boston, Xkachumtts. The r e s u l t s  of the study are reported in f i v e  
volumes as described below. 

The work was 

Volume I 

Volume If 

Volume I11 

Volume I V  

Volume v 

Sunmnry of study r e s u l t s  

Dynamic simulations of the satel l i te-  
navigator system 

Analytical s tudies  and dynamic simulations 
of the antenna patterns. 
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Electrical and puwer subsystem studies.  

Definition of a f l i g h t  test experiment 
for  a small spinning satellite. 
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INTRODUCTION 

The intent of this work was to conduct a feasibility study of the Fur Beam 

Navigation Satellite concept proposed in 1964 by Dr. Stanley F. Scbmidt 
of Philco WDL. 
items: 

This study included investigations covering the following 

0 Satellite Antennas, Attitude Control a d  Attitude Sensing and 

0 Receiver and Detection Analysis 
0 System Calibration and Fix Computations 
0 Definition of an Experiment 

Dyuamic Simulation 

Investigations in each of the area13 were conducted in sufficient analytical 

depth to firmly establish the feasibility of the proposed technique. A t  

the completion of the analytical studies an exper.fIlrent was defined which 
could provide a flight test verification of the derived results. 
results were also obtained relating to the specification of a satellite for 
a world-wide operational Fan Beam Navigation System. 

Parametric 

SUMMABY 

The results of this study are sumnnrized using a question-and-answer 
format for the basic areas of investigation. 
selected questions and corresponding answers. 
of information and results leading to these answers is presented in Volrnnes 
I1 through V. 

The following pages present 
A more detailed description 

1 P H I LC 0. 

1 

WDL DIVISION 



Number - guest ion 

1 

2 

Concept 

Inplementa- 
t ion 

Concept 

What are the pr inciples  of operation for  t h i s  concept? 

What are the basic elements required t o  implement the 
fan beam concept? 

Is the fan beam navigation concept capable of producing 
f i x  accuac ier  of less than one nautical  mile? 

May th i8  concept be u t i l i zed  i n  e i the r  a passive or  semi- 
act ive mode of operation? 

A t  what frequency does t h i s  concept appear most feasible  
for  implementation? 

Is the length of the antenna necessary t o  achieve the level  
of accuracy prwiously mentioned reasonable for  a spin- 
ning sa t e l l i t e?  
A r e  the satellite powers required for t h i s  accuracy level  
r e a l i s t i c  i n  terms of satellite s i ze  and weight? 
Does the s a t e l l i t e  a t t i t ude  control require sane type of 
passive damping? 
Is there a way t o  determine the s a t e l l i t e  spin axis  t o  
the required accuracy? 
Is the required user receiver antenna re la t ive ly  small? 
Does the receiver antenna require pointing? 
Is the receiver within state-of-the-art  sol id-s ta te  
electronic capability? 
Dots the cost  of the receiver equipment appear t o  be 
canpatible with a vide var ie ty  of users? 

Does the system cal ibrat ion appear t o  lend i t s e l f  t o  
long time intervals? 
Could the f ix  cmputation required by a user be a 
re la t ive ly  simple calculation? 

Does the reference channel required for t h i s  concept 
appear feasible t o  implement? 

Should additional studies or  tasks be carr ied out t o  
ref ine any arpccts of the system concept? 

Is there a reasonable experiment which could be used t o  
f l i gh t  test t h i s  navigation concept before implementation 
of an operational system? 

Does th i s  navigation concept all- for any other 
s a t e l l i t e  camunication services? 

Would you recamend t h i s  navigation concept for  use as 
an operational system? 

3 

4 Operation 

5 Frequency 

6 Antenna8 

7 Power 

8 

9 

Atti tude 

Atti tude 

10 
11 

12 

Rece iver 
Receiver 
Receiver 

8 13 Receiver 

14 Calibration 

15 Canputation 

I 16 

17 

18 

Reference 

General 8 
Experiment 

19 Cammunica- 
t ion 

General 20 
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QUESTION 1 

t 
I 
1 
1 
I 

8 
I 
1 
8 
1 
I 
8 
I 
I 

Q. What are the pr inciples  of operation for t h i s  concept? 

A. This concept employs basically time measurements by the navigator from 
which two separate angles are determined. 

Explanation 

A schematic showing has a mingle angle measurement can be made using a 

s ingle  fan beam on a spinning s a t e l l i t e  i m  shown below. 

of operation is given on the follawing page. 
The sequence 

END VIEW OF 
SPI NNlNG 
SATELLITE FAN BEAM 

ANTENNA 

REFERENCEPLANE 
ON VEHICLE 

EDGE VIEW OF 
THIN PLANAR 
FAN BEAM 

ANGLE T O  BE 
MEASURED 

H 

NAVIGATOR SUB-SATELLITE POINT 

3 
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Sequence of Operation 

1. A signal is transmitted frcm satellite t o  navigator when the 

"Reference Plane" contains the  sub-sa te l l i t e  point@). 

reference time (TR) is established by the  navigator. 

Navigator de tec ts  passage of fan beam a t  time (T1) as it sweeps 

by h i s  receiver. 

Navigator computes angle (cy) as shown on schematic from the 

Hence, a 

2. 

3. 
equation 

a w (T1-Ta + w0 

where 

w = spin r a t e  

angle between reference plane and fan beam plane on 
s a t e l l i t e  

= 46 
4. Knowing the a l t i t u d e  of the satell i te (H) and the canputed angle 

(a), the navigator may compute h i s  posi t ion (S) r e l a t i v e  t o  the 
sub-sa te l l i t e  point (P). 

S = H tan CY 

Expanding the descr ipt ion t o  include an additional fan beam merely adds 
the requirement for  the navigator t o  coatpute one more angle. 

obvious t ha t  the navigator must have information about h i s  a l t i t u d e  since 
two angle measurements may only lead t o  a knowledge of the d i rec t ion  of 

the user relative t o  the r a t e l l i t e .  

It is a l so  

I 

For the case of two orthogonal fan beam8 birccted by the satellite spin 

axis, sane simple but interest ing conclusions may be derived. Figure 1 

shaws l i n e s  of constant time sum (the t i m e  average of the two fan beam 

passages relative t o  the reference time) and l i nes  of constant time 
difference (the time difference between the passage of the two fan beams), 

For a 5000 n. m i .  a l t i t u d e  satellite spinning a t  3 rps ,  the circles are 

l i n e s  of constant distance from the sub-sa te l l i t e  point i n  naut ical  miles. 

There is an obvious correlat ion between the l i nes  of constant time sums and 

differences and latitude-longitude l ines .  

sa te l l i te  point the t i m e  sum-difference g r id  could be u8ed fo r  a graphical 

method of determining navigator position. 

In the v i c in i ty  of the sub- 

4 1 PH I LCO. 
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LOCUSOFCONSTANT 
TIME DIFFERENCE 

T 

Figure  1 Loci of Constant Sums and Differences 
of Fan  Beam Intercept Times  
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QUESTION 2 

1 
t 
R 
I 
I 
1 
I 
I 
E 
I 
t 
I 
8 

I 

Q. What are the basic eleaDents required t o  implement the  fan  beam 
concept? 

A. EXI, lam t ion. 

The fan beam navigation concept consist  of the basic elements l i s t e d  below 

and as shown i n  the block diagram in  Figure 2. 

Sate 1 lit e 

A spin-stabil ized s a t e l l i t e  with some form of spia-axis damping 

A photovoltaic/battery power supply 
0 One or  more transmitters depending on the proposed configuration 

0 Two s lo t t ed  waveguide antennas fo r  operation i n  the 4 GHz-8 GRZ 
frequency range 

0 Receiving and t r a n m i t t i n g  anteanas for  capmunication, data l ink,  
and reference s ignals  

A star detector or a s a t e l l i t e  clock, combined with a data  channel 
for generating and tranmnftting reference pulse imformatioa. 

Navigator 
' 

0 An antenna t o  receive fan beam passages, reference signals,  and 
provide a data l ink with the satell i te 

0 An envelope d e t e c t o r ,  
0 A simple threshold detector far determining fan beam passage times 
0 A simple d i g i t a l  computation device for  averaging f aa  beam passage 

times and converting time measurements i n to  posi t ion coordinates 
0 A display device which would provide a continuous monitoring of 

the  computed resu l t s .  

6 
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SATELLITE CONFIGURATION 

I 
CALIBRATION AND COMMANDS REFERENCE 
FROM GROUND CONTROL R DATA 

ANTENNA r 
- 

RECEIVER EXCITER d TRANSMITTER 

* I  _ _ _ _ _ _ _  J 

DETECTOR 

I 
I 

REFERENCE 
TIMING 

LOW 
HlXER 

IF AMPLIFIER 

FILTER 
- R BANUPASS GATE 7 

OSCILLATOR 

TRANSMITTER 

FROM EARTH 
SENSORS 

CYCLE 
CONTROI i" - FANBEAM 

FROM EART+ 
SENSORS 

TRANSMITTER 
POWER 
CONTROL 

PHOTOVOLTAIC 

POWER SOURCE 

1 

F C  

2 U 
BANDPASS FILTER 

TIMING 
REFERENCE 

7-1 



U DETECTION SECTION 

DISPLAY SECTION 
COMPUTER SECTION 

BANDPASS ENVELOPE THRESHOLD e ' 2  
FILTER - DETECTOR - DETECTOR 

A THRESHOLD 

-8 .. 

- DISPLAY RESULTS - - LATITUDE LATITUDE = XX.XX 
- T s  - 75 

- COMPUTE 
U T I T U D E -  FORM T IME SUM TIME AVERAGE 

SPIN 
ZERO- 

FWASE LOCK REFERENCE - 
DETECTOR TIMING - + LONGITUDE 
CROSSING e DIFFERENCES 'D OF MEASUREMENTS Tg 

AQNGITUDE 

A 1 - TR 

LONGITUDE 2 XXX.XX 

ALTITUDE = XXXX-xx  

- 

Figure 2 Block Diagram, Navigator Receiver Configuration 
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Q. Is the fan beam navigation coacept: capable of producing f ix  accuracies 
of less than one naut ical  mile? 

A. Y e s .  

&planat ion. (Volrmre 11) 

The concept as investigated i n  t h i s  study i s  eaoily capable of producing 

f i x  accuracies of one naut ical  m i l e  or less using reasoxuble ratellite 
pavers, and reasonably inexpensive receiver equipment. 

Simulations were performed for  two satell i te al t i tudes:  

n. m i .  Various navigator locations r e l a t i v e  t o  the satell i te were 
assumed. 

5000 and 19311 

It was  found that timing e r ro r s  due t o  a f i n i t e  (i.e. non-ideal planar) 

antenna pat tern are correlated closely with the difference of the two 

fan-beam detection times, and are independent of par t icu lar  navigator 

locations. 
du i  t o  ear th  and satellite orb i ta l  motion and independent navigator motion 

appear t o  be insignif icant  except for  the most demanding navigation 
requirements. For small e r ro r s  i n  the navigator's knawledge of the 

satell i te angular veloci ty  vector direct ion,  the consequent f i x  e r ro r  
varies linearly.  A re la t ive ly  simple type of ca l ibra t ion  should make 

t h i s  e f f ec t  inconsequential. 
the satellite antenna boaas at prescribed reference times r e s u l t  i n  f i x  
error curves sanewhat d i f fe ren t  from those for  angular veloci ty  errors, 
and can cause more severe f i x  errors. For the same navigator site, the  
higher a l t i t u d e  satell i te yielded smaller f i x  e r rors  than the rawer for  

these s tudies  i n  which no noise was assmed t o  exis t .  

These e r rors  can thus be removed i n  cal ibrat ion.  Fix e r ro r s  

Errors i n  knowledge of the or ientat ions of 

8 
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When N f ixes  i n  sequence are examined it is found that typical  f ix  
e r ro r  curves o s c i l l a t e  with a non-trivial  q l i t u d e ,  due t o  the chngtng 
s a t e l l i t e  a t t i t ude .  A s ingle  f i x  can eas i ly  %atch** the satellite i n  an 

unfavorable a t t i tude .  
results are obtained. 

longer smoothing times are beneficial. Also, because of lower s igml- to-  
noise r a t i o s  the higher satellite fixes are less accurate than the ltmer, 

for  the same navigator site. It was found that a simple "time smoothing" 

technique is equivalent t o  smoothing f u l l y  calculated fixes.  

simulated *80perational" Navigation Satellite cases were run, i n  which 

satell i te transmitter power, s a t e l l i t e  antenna length and receiver antenna 

diameter were varied parametrically. 

When a set of 11 f ixes  is averaged, very good 

When noire  is applied t o  fan timing measuraentr ,  

F i ~ l l y ,  

Results a r e  given i n  Volume 11. 

For example, a posi t ion accuracy of one naut ical  m i l e  can be obtained for  
the following system constants: 

S a t e l l i t e  a l t i t u d e  = Synchronous 

S a t e l l i t e  RF power = 100 w a t t s  
S a t e l l i t e  antenna length = 8 f ee t  

Receiver d i sh  s i z e  = 5 inches 
Receiver noise temperature = 1000°K 

Measurement smoothing time = 30 seconds 

9 
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QUESTION 4 

I 
1 
I 
I 

E 
Q 

Q. May t h i s  concept be u t i l i zed  i n  e i the r  a passive or  semi-active mode 
of operation? 

A. Yes.  

Explanation. (Volume I1 and Volume IV) 

The fan beam concept par t icu lar ly  lends i t s e l f  t o  a passive m o d e  of 

operation. 
beams and the time reference signal would be continuously transmitted t o  

the user. 

o r ien ta t ion  would be e i ther  stored on board the user vehicle o r  period- 

i c a l l y  conmunicated v i a  the navigation s a t e l l i t e .  

information t ransfer  would be qui te  l o w  i f  a synchronous station-kept 

navigation satellite were employed. 

For the idealized passive m o d e  of operation, only the two fan 

Information re la t ing  t o  satell i te posit ion and spin-axis 

The frequency of t h i s  

Another in te res t ing  feature  of t h i s  mode of operation is that the 

passive and semi-active modes could be canbined. For example, f ishing 

vessels  could be en t i r e ly  passive and act i n  a l i s ten ing  capacity only, 

whereas comnercial a i r c r a f t  could be semi-active and hence re-transmit 

time measurements through the s a t e l l i t e  t o  an a i r  t r a f f i c  control  center. 

This mode of operation would all= the a i r c r a f t  t o  have i t s  own se l f -  

contained posi t ion determination capabili ty as w e l l  as providing information 
for  the air t r a f f i c  control center. 

It is concluded tha t  the Fan Beam Navigation S a t e l l i t e  concept could be 

implemented i n  e i the r  one or  both of these modes of operation, passive 
and semi-active, depending on user requirements. 

of operation was  not investigated i n  t h i s  study primarily due t o  time 

l imitat ions.  

The f u l l y  active mode 

10 
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A t  w h a t  frequency does t h i s  concept appear m o s t  f eas ib le  far 
implementat ion? 

&Planation. (Voltmae Iv) 

The best frequency range for implementation of t h i s  concept appears t o  

be between 4 and 8 GHz. 

the linear ar ray  on the  spinning satellite introduces severe s t ruc tu ra l  

problems leading to  large support mclPbers and poor accuracies, 

tubes are beiw developed at  or near the  frequency of 4 GI& which could 
be used t o  provide CW transmitter output pawera of 75 t o  100 watts. 
A t  frequencies above 8 GHz the  satellite antexma problem is diminished 
but the a v a i l a b i l i t y  and s t a b i l i t y  of user receiving equipment becorse 
a problem, Moat of the analysis presented in the  reports is for a 
frequency of 8 GIlz, but various side studies were carried out a t  4 GHz 

t o  provide comparison information. 

A t  frequencies lower than 4 GHz the size of 

Power 

11 
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QuEsTION 6 

Q. Is the length of the antenna necessary t o  achieve the  level of 
accuracy previously mentioned reasonable fo r  a spinning s a t e l l i t e ?  

A. Yes. 

Explanation (Volume 111, Sections 1 and 2) 

The ideal design of the ahtenna would be such that the narrow dhens ion  

of the  fan beam is as small as possible (lo-2'). 

operational frequency previously suggested (8 G H z )  and reasonable 
satellite sp in  rates (100 rpm), the upper bound on unsupported antenna 
length as dictated by s t ruc tura l  and pa t te rn  consideratiotrs is approximately 

e ight  f ee t  . 

However, for  t he  

I n  the study, the e f f ec t s  of satellite ro ta t ion  rate, antenna length, 

mounting angle and guyiw were considered. The parametric values and 

the  r e s u l t s  are indicated i n  Table 1. 
a t  a time w i t h  a l l  other parameters having the nominal value. 

nominal values are indicated by the outlined boxes. 
of the radiated beam, & i s  the deviation from the mean of the measured 

beam converted in to  an  equivalent satellite ro ta t ion  angle. 

are shown fo r  two satellite al t i tudes,  5,000 n. m i .  and synchronous 

(19,311 n. mi.). 
the a l t i t ude ,  the smaller the b e a m  angle which w i l l  cover the ear th;  
a lso,  the  deflected fan beam is more nearly planar in the neighborhood 

of the s u b s a t e l l i t e  point. 

The parameters were varied one 

The 
AT\ is the m a n  def lect ion 

The r e s u l t s  

A l t i t u d e  en t e r s  into these re su l t s  i n  that the  greater  

The tabulated r e s u l t s  indicate three s ign i f icant  facts :  

a. The majority of the antenna def lect ion when t ranslated i n t o  

warping of the pat tern (AT) may be compensated fo r  or cal ibrated 

out of the system. This would be accomplished by using an 

12 
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e f fec t ive  mounting angle for the antennas in the  canputations 

or using a predetermined offset  in the physical mounthg of 

t he  antennas. 

b. The deviation of the warped pa t te rn  fran the mean pat tern is 
extremely small (1 microradian at  synchronous alt i tude).  

C. The e f f e c t s  of antenna warping are attenuated with increasing 

a l t i t u d e  due t o  the smaller segment of the beam being u t i l i z e d  

at  higher a l t i tudes.  

13 
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Table 1 Table of Antenna Deflections for Parametric System Errors 

Parameter 

Antenna 
mounting 

angles 6 

Antenna 

length, 

L 

Spin 

rate, 

Q 

Guyed 

antenna 

i 

V a l u e  

30' p-] 
6oo 

45 

64 " 
p - 1  
103" 

1 rps 

1 2 1  
3 rps  

Mean 
Deflect ion 
of Beam 

AT) (degrees) 

le8 
1.9 

1.6 

Om20 

Om73 

le9 

4.3 

0 e49 

le9 

4.4 

0.002 

Equivalent Rotation A n g l e  Error 
of S a t e l l i t e  Due t o  Beam -via- 

t i on  From the Mean &$ 
(p -dims) 

Synchronous Altitude 

2 e6 
O m 5 1  

0,044 
~~~ 

1 .o 
Om23 

Om51 
14eO 

0 e085 

Om51 

7e8 

5000 n. mi 

100 

10 

0.4 

32 

8.7 
10 

260 

4.2 
10 

140 

11 
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QUESTION 7 

Q. Are satell i te pacers required for t h i s  accuracy level considered 

r e a l i s t i c  i n  terms of satellite s ize  and m i g h t ?  

A. Pes. 

Explanation, (Volume I1 and Volume IV) 

The satellite- pcwers required t o  achieve posit ion accuracies of less than ,  

one naut ical  m i l e  are shown i n  Figure 3, 
receiver dish s izes  ranging from 0.4 t o  6.4 feet. A time increment of 30 

seconds has been selected t o  reduce random timing errors a t  the receiver. 
It is important t o  note that t h i s  t i m e  Increment required t o  e lkainate  

random receiver errors could be eliminated i n  an operational system, 
could be accanplished by using a phase-locked loop i n  the receiver which 
operates a t  sp in  frequency and smoothes the stlm and difference times i n  

an analog fashion, Once signal l o c k  is achieved, the time-averaged 
signals would be continuously available and hence instantaneous posit ion 

fixes could be achieved, 

changes then an i n e r t i a l  system would be required t o  provide compensations 
for the  s a t e l l i t e  navigation system. 

The Individual curves are for  

This 

If the user vehicle is undergoing rapid directional 

The satell i te output RF power selected for an operational system, consisting 
of a wide var ie ty  of users and hence varied accuracy requirements (1 n, mi,-  

2 n. mi,), would be i n  the range of 100 t o  150 watts. 

could be e a s i l y  attained w i t h  a standard photovoltaic plus bat tery power 

supply on a spinning satellite and would require 130-190 w a t t s  of primary 

power, If the requirements are for accuracies of less than 0.2 n. m i ,  i n  

posit ion,  then a lawer a l t i t u d e  for  the satellite would probably be required 

t o  r e t a i n  these reasonable power levels. 
curves for higher powers and larger receivers arises from the f ac t  that 

the determinis t ic  e r ro r s  such as spin-axis uncertainty, antenna mounting, 

etc., have been assumed as system constants and hence provide a l imiting 

bias e r r o r  i n  the posit ion accuracy. 

values for  these constants, then a corresponding kaprovement in the limiting 

accuracy would be attained. 

This power requirement 

The asymptotic nature of the 

I f  system ca l ibra t ion  provides improved 

13 
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- ANTENNA LENGTH = 8 FEET 
- RECEIVER NOISE TEMP. I IOOO'K 
- ROTATION RATE = 1.67 REV/SEC. 

- - UNCERTAINTY IN KNOWLEDGE OF - 
SPIN AXIS AND IN MOUNTING 
OF THE ANTENNAS= 0.1 MR 

- UNCERTAINTY IN POSITION 

- UNCERTAINTY IN SPIN 
OF REFERENCE PULSE = I  PSEC 

- RATE = 50 ~ R A D / S E C .  - 
- SATELLITE ALTITUDE =SYNCHRONOUS 
- MEASUREMENT SMOOTHING TIMEZ30 SEC 

50 I O 0  I50  200 250 300 3 50 

SATELLITE R F  POWER (WATTS) 

Figure 3 Position Error vs Satellite Power 
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QUESTX¶N 9 

1 
I 
I 
I Q. Is there a way t o  determine the satellite spin-axis or ien ta t ion  t o  

the  required accuracy? 

~I 
4 
I 
I 
I 
I 
1 
8 
I 
i 
8 
i 
I 
1 
I PHILCO. 

A. Yes. 

Explanation. (Volume V) 

The determination of the  spin-axis or ientat ion i n  inertial space can be 

accomplished by one of two separate methods. 
beams themselves may be used t o  solve for  the spin-axis orientation. 
Errors due t o  antenna mounting. Fan beam generation and spin-axis 

misaligrmrent w i l l  have t o  be established before the true spin-axis 

or ientat ion is determined. A second method of acquiring spin-axis 

or ientat ion is t o  use a star detector physically located on the  geametric 
spin axis. 

sized star detector op t ics  (the t o t a l  weight of the detector is 9 pounds) 

and a sophisticated d i g i t a l  data processing scheme, spin-axis or ien ta t  ion 
may be determined t o  an accuracy of 10 microradians and spin rate t o  an 

accuracy of 50 microradians/second. 

those required t o  a t t a i n  the desired system accuracies. 

F i r s t ,  the RF-sensed fan  

The results of the study have shown that, using reasonably 

These accuracies are consistent with 

I n  an operational system several cal ibrat ion s ta t ions  with large receiving 
antennas and law-noise receivers w i l l  most l ike ly  be used for ap~n-axis  

determination. 
it could a l s o  be used t o  determine any environmental e f f ec t s  on the spin 

axis such as that due t o  eclipsing. 

If a star detector is used fo r  reference pulse generation, 
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Q. Is the required user receiver antenna r e l a t i v e l y  small? 

A. Yes. 

As shown in the accuracy curves i n  Figure  3, a five-inch-diameter parabolic 

dish antenna can give an accuracy of one naut ical  m i l e  a f t e r  30 seconds of 

data smoothing. 

100 w a t t s ,  a fan  beam antenna length of 8 fee t ,  and a receiver noise 

temperature of 1 0 0 0 ~ ~ .  

other parameters remaining unchanged. 
is  available i f  the  user antenna i s  10 inches i n  diameter. 
20-inch antenna can provide 0.4 n. m i .  accuracy. 

a fixed fan beam antenna consisting of a phased ar ray  of several  radiat ing 

elements. 

would be about one inch by 20 inches by about an inch deep, permitting 

it t o  be mounted on the outer surface of most a i r c ra f t .  

This accuracy is based on a satellite RF peak pmer  of 

Larger antennas give better accuracies, a l l  
For example, 0.6 n. mi .  accuracy 

Similarly, a 
Aircraf t  might employ 

An ar ray  that would provide the  same gain as the  5-inch dish 
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QvEsnoN 11 

Q. Does the receiver antenna require pointing? 

A. Y e a  

Explanat ion. (Volume IV) 

The smaller antennas may need only in i t ia l  pointing because of their 

re l a t ive ly  l o w  d i r e c t i v i t y  and because the satellite w i l l  most l i ke ly  

be geo-stationary. 
width of 20° which would p e r m i t  use of an inexpensive set-and-forget type 

of antenna-pointing mechanism for  non-maneuvering vehicles. 

of the use of the phased-array fixed antenna with its fan horizontal, the  

beam may be pointed in several increments of elevation by switching of 
the  phase control. Aircraft  using t h i s  method would need l i t t l e  or no 

addi t ional  pointing while flying a s t ra ight- l ine course. 

for  more accurate or quicker f ixes  require m o r e  frequent pointing. 

10 or 20 inch antennas may be pointed by hand, but i n  the case of moving 

vehicles automatic steering would usually be required. The la rger  dishes 

would be d i f f i c u l t  t o  point by hand; for example, the 6.4-foot antenna 

has a 1.4' beam width which would  make automatic acquis i t ion and tracking 

mandatory. 

For example, the 5-inch 8-GtIz dish would have a beam 

In the  case 

Larger antennas 

The 

2 0  
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QuEsnm 12 

Q, Is t he  receiver within state-of-the-art sol id-s ta te  e lectronic  
capabili ty? 

A, Yes. 

Explanation. ( V O l m  IV) 

A l l  functional s u b u n i t s  of the receiver may be real ized using conventioaal 

t r ans i s to r  c i r c u i t  design methods and component parts. A 8taadard fixed- 
tuned superheterodyne receiver design w i l l  provide the necessary signal 
se lec t ion  and amplification, 

the reference and measurement signals, and a PSK or  F S K  detector similar 
t o  tha t  used i n  teletype receivers w i l l  demodulate the data signal, 
phase-lock loop similar t o  that used i n  color te levis ion sync c i r c u i t s  is 
required in the  reference demodulator output, 

c i r c u i t  and the loca l  o sc i l l a to r  require advanced design procedures, 
recently,  only expensive preamplifiers could provide the 1000 t o  200OoK 

noise temperatures des i red  for  t h i s  receiver,  

barrier m i x e r  diodes indicate that 1000°K am3 1500°K noise temperature 
receivers  with no preamplifier are now feas ib le  a t  4 and 8 GHz, respectively,  
To achieve the frequency s t a b i l i t y  required of the  loca l  osc i l la tor ,  a 
carefu l ly  temperature-compensated o r  oven-stabilized crystal osc i l la tor  

is needed, 

However, t rans is tor  crystal osc i l la tors  with a long-term frequency d r i f t  
of 1 x 1Oo6f0 are currently being produced, This s t a b i l i t y  is suf f ic ien t  

t o  ensure that the  fan  beam signal w i l l  be acquired with a conventional 

AFC c i r cu i t ,  

1966 technology of t rans is tor  c i rcu i t s ,  

Simple diode envelope detectors w i l l  demodulate 

A 

Only the  receiver input 

Unti l  

Recently developed Schottky- 

Periodic ca l ibra t ion  of the local osc i l l a tu r  may be &sirable ,  

Thus every c i r c u i t  of the receiver may be designed using 
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QUBSTION 13 

Q. Does the  cos t  of the receiver equipment appear t o  be compatible with 
a wide  var ie ty  of users? 

A, Pes. 

Explanation. (Volum IV, Appendix A) 

As s t a t ed  in a letter from Applied Technology, Incorporated, the uni t  coat 

of the receiver in production quant i t ies  of 100 would be about $5000, 
This estimate is based on an 8-GHz receiver employing a tunnel-diode 
preamplifier, which i t s e l f  currently cos ts  $2000. Thus a receiver employing 

a lownoise  mixer as described under Question 12 would cost  in the 

neighborhood of $3000. 
fan beam measurements t o  posit ion coordinates are considered t o  be r e l a t ive ly  

simple and would not s ign i f icant ly  Increase the overal l  equipment cost. 

Considering the  econcmy that would r e s u l t  from the production of the receiver 

in large quant i t ies  far an  operational navigation system, it seems 

reasonable t o  expect that the receiver could be produced for $2500. 
price would be compatible with t h e  equipment budgets of a wide range of 
users,  

of $2000-$5000 would be within the budgets of air  carriers and shipping 

agencies. 

The d i g i t a l  c i r c u i t s  required to  tramlate the 

This 

It has been s ta ted  that a navigation receiver i n  the price range 
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QUESTION 14 

Q. Does the system cal ibrat ion appear t o  lend i t s e l f  t o  long timc 
intervals?  

A. Yes.  

Explanation. (Volume XI) 

When a precession-nutation damper is included i n  the satellite system, the 

time-varying angular veloci ty  and fan beam noma1 vectors can be approximated 

a t  t h e  times of the reference pulses by vectors fixed i n  space. 
Philco WDL studies have shown that, for  nearly equatorial  o rb i t s  a t  
synchronous a l t i tude ,  the angular momentum vector should deviate l ee s  than 

50 microradians per o rb i t a l  period (the deviation is due t o  o rb i t  regression 

and t o  the ear th ' s  magnetic and gravi ta t ional  f ields).  

indicates  that miscalibratfons of 100 microradians are tolerable,  except 
fo r  the most demanding navigational requirements. 

at  one o r  two day intervals  should be suff ic ient .  

Previous 

The present study 

Hence, reca l ibra t ion  

For a satellite a l t i t u d e  of 5000 n. mi., a s a n e w h a t  higher d r i f t  rate is 
present, but reca l ibra t ion  once per orb i t  period should s t i l l  be adequate. 

If the satellite does not itself generate the reference pulses (by means 
of a stellar or so la r  reference) but instead a ca l ibra t ion  s t a t i o n  i s s u e s  

them, then more frequent cal ibrat ion may be required t o  keep the 

reference pulses synchronized with the satellite. 
a need of the cal ibrat ion stations and would not a f f ec t  the frequency with 

which updated reference vectors are  issued for  navigation. 

This would be s t r i c t l y  
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QUESTION 15 

Q. Could the  f i x  canputation required by a user be a r e l a t i v e l y  rirple 
calculation? 

A, Yes ,  

Explanat ion. (Volume 11) 

There are trade-offs among t h e  various aspects of navigation by means of 

fan beams, One method of f i x  computation requires  of the navigator only 

e ight  arithmetic operations (four multiplications and fora additions),  

t o  obtain h is  latitude and longitude by a simple d i f f e r e n t i a l  correction 

procedure. For t h i s  nethod, the cal ibrat ion s t a t ions  would have t o  
provide a r e l a t i v e l y  large mass of data, cwer ing  a gridwork of earth- 

points aver the operational area for the satellite. 
data would, of course, have t o  be updated periodically,  

g r id  s i ze  30 n.ai. on a s i d e  resu l t s  in  a computational e r r o r  of 0.3 a.mi.  

The e n t i r e  mass of 
For example, a 

Another f i x  computation method allows the navigator t o  estimate h i s  

l a t i t u d e  and longitude by means of p o l p a n i a l s  involving the sum and 
difference of the detection times for the two fan beams. 
operations are required of the navigator (multiplications and additions -- 
no square roots  or trigonometry) than for t he  d i f f e r e n t i a l  method, while 

the amount of ca l ibra t ion  data t o  cover the satellite's operational area 
would be considerably less. 

M o r e  ari thmetic 

I n  both of the above methods it i s  possible t o  obtain improvements in 
accuracy of the fix by enlarging the amount of data provided by the 

cal ibr a t  ion stat ions. 

The most accurate method of f i x  determination requires  saoewhat more 
e f f o r t  from the navigator, including two square root  calculations and 

three trigonometric evaluations, A small d i g i t a l  computer (perhaps 

paper-tape programed) would be the best too l  but a desk calculator  could 

be used. 

stat ions. 
Fur t h i s  method, a minimu of data  is needed f r o m  the ca l ibra t ion  
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QUESTIO?I 16 

Q. Does the reference channel required for this concept appear feasible 
to implement? 

A. Yes. 

The reference channel requirements and poseible implementation Sche~e8 were 

studied in detail. The guidelines followed in designing a practical refer- 
ence channel were that errors due to the received reference should be 8-11 
compared to fan beam channel errors and that the satellite transmitter RF 
power requirement should be similar to or less than that of the fan beam 
channel. 

The timing accuracy required of the reference channel was derived as a func- 

tion of satellite altitude, spin rate and desired position fix accuracy. It 
was found that for synchronous altitude, a 100 rpm spin rate, and a fan beam 
channel accuracy of 0.2 n.mi., the reference timing accuracy should be one 
microsecond or less to ensure that error due to the reference is much less 
than one mile, 
a phased multiple tone reference, or a combination of the two. 

This precision may be achieved by a narrow reference pulse, 

The narrow pulse reference channel requirements were determined in terms of 
satellite peak power only. 
signal-to-noise density required as a function of timing accuracy. 
signal-to-noise ratio was determined by desired false-detection likelihood 
and bandwidth was determined by required timing precision. 
that transmitter peak pulse powers required are greater than available space- 
application devices can provide in the 4 to 8 GHZ band, 
code was considered in lieu of the single pulse to reduce the peak power 
requirement. 
ment, for it would require digital code recognition circuits. 

This was done by deriving the received pulse 
Required 

It was concluded 

A multiple pulse 

This approach, however, places the burden on the user equip- 
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An alternative design investigated was a CW tone reference channel where 
the time reference is derived f r w  the relative phase of the tones. This 
technique results in a law-power, continuously operating reference trans- 
mitter. Circuit implementation difficulties at low frequencies result in 
a reference charnel design employing two tones plus a broad pulee. 
determined that satellite peak power for this reference signal is much less 
than that for the fan beam channel. A typical satellite-user electrical 
configuration vas developed for this method and a block diagram is shown 
in Figure 4. 

It was 

I 
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qmSrIOU 17 

Q. Should additional studies or tasks be carried out to refine any aspects 
of the system concept? 

A. Yea. 

The study results indicate that several areas may require additional study 
before an operational system is evolved. 
be the most significant : 

The following tasks are felt to 

a. Design, fabricate and place into orbit a navigation axperiment 
Make extensive studies as proposed in Volume V of this study. 

of the results. 
required of many types of navigation concepts employing a spin- 
ning satellite. 

This experiment will provide useful information 

b. Design a general-purpose receiver and breadboard it for txperi- 
mental studies. 

c .  Design and build a breadboard model of the reference channel and 
conduct experimental studies. 

d. Build a digital simulation for processing of simulated satellite 
data and perform system calibration studies. 
to conduct investigations on how calibration information should 
be optimally handled. 

U s e  this program 

28 

1 PHILCO. WDL DIVISION 
.-.G.&guiw- 



WDL-TR2962 (I) 

QUESTION 18 

Q. It there a reasonable experiment which could be used to flight test 
this navigation concept before implementation of an operational system? 

A. Pes. 

Bxvlanat iog 

The problems associated with a fan beam navigational satellite were in- 
vestigated in considerable detail during the period of this study. The 
detailed analytical results, as documented and presented in Volumes II-N 
of this final report, indicate the definite feasibility of implementing 
an operational navigation system employing these techniques. 
before any operational system is implemented, it is necessary to verify 
analytical predictions and gain further information on the fan beam navi- 
gation technique by accomplishing an experimental test. The satisfactory 
flight-test verification of the concept and acquisition of flight per- 
formance data are the real goals of this experimental program. 
have been accomplished and the currently predicted results are verified, 
an operational system could be evolved rapidly. 

However, 

Once these 

A navigation experiment was configured around a small spinning Synchronous 
Comaunications Satellite (SCS) developed by Philco WDL. 

The new satellite configuration with additional equipment added is shown 
in Figure 5 .  

analysis were conducted to Substantiate the vehicle's structural integrity 
and vehicle stability at the desired spin frequency of 100 rpm. 

Moment-of-inertia calculations and structural dynamic 

The new items of equipment as listed below have each been studied in con- 
siderable detail to determine development times and fabrication problems. 
There appear to be no critical problem areas in any of these subsystems 
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which would require advancements in the state of the art or entail particu- 
larly difficult fabrication and testing problems. 

Compand System 5 lb. 
Battery System 16 lb. 
Star Detector 9 lb. 
Nutation Damper 1.5 lb. 
Slotted Waveguides 5 lb. 
Additional Telemetry 
Transmitter 5 lb. 

The general program objective8 and requirements are presented in Table 2. 

The Navigation Satellite, as configured in this study, is small enough in 
size and weight so that it could conceivably be flown as a single primary 
experiment on a small launch vehicle or as a secondary experiment on a 
larger vehicle. 
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1. 

2. 

3.  

4. 

5. 

6. 

7. 

8. 

9 .  

10. 

11. 

12. 

13. 

14. 

15. 

Reauirapeat 

S a t e l l i t e  DevelopPcnt 

launch Vehicle/Site 

Mission Lifatime 

B.rdmre Developnot 

hacking st.tim 
C a p r t i b i l i t y  

Orbit Selection 

Attitude Smbil isa-  
t ion 

Attitude Determination 

Parer Source 

?an B a n  Antenrua 

Tel-try Linlt 

W l d  Link 
Orbit Determioation 

& t A  Collection 

Data Ptocaaaing 

Table 2 

kEi64um 
1 year 

Open/= 

1 year 

Program Requirements 

Special Hardware 
Reauirad Cwmt. 

Standard (SCS) Structure Mnximrmn uae l a  to  be made of 
SCS Progran experience tech- 

nology, components, design and 
documentation i n  the Navigation 
Experiment integration. 
The basic SCS a a t e l l i t e  w i l l  
be fabricated and modified as 
required a t  Philco WDL. 
Qualification test w i l l  be 
accomplished a t  the aubsystem 
and the satellite level. 

Dispenser e: spin table Bropoeed configuretion has se l f -  
contained spin-up capability. 

None 

Stat.-of-tb-ut .ad 
f l igh t  qualified i f  
available 

WAsAsTAMW 8GHz receiving equipment 

El l ip t ica l  (100 a.ri .  - 
a y t 9 r o w u a  a l t i tude)  aiag vehicle 
d . 5  inclination with 
respect t o  the ec l ip t ic  
puna.  

Spinning satellite with Mutation d a g e r  
nutation daqmr. Spin u i a  
norm1 t o  orbit plane. 

Reorientation of diapen- 

50-100 p radima S t u  detector 

40 V8tta 8 V 0 r 0 8 0 ,  Pbotovoltaic/battery 
7s watt. peek 

Slotted wavenuidea Uoneycolb structure 
&-feet long, 8 GHz 

400 MIZ 
125-150 HHz Four d i p  antemua 

poaition 

and waveguide 

lT&f t r a n a i t t e r a  a t  

Leas than 1 b i n  none 

t r u k i a g  network Portable tracking 
6od ul le r  atationa 8tatfOM (2' - 15') 

M g i t a l  d.m gocearing 
and aptem cal ibrat ion 

Software needs to  be 
developed for  data 
processing 
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l o r  accaplialment of primary 

Experiment may extend for  a 
period of f ive  years or t o  
satellite deactivation. 

~ ~ S S ~ O E  -10. star sanaor 

Requires some receiver 
modification. 

s a t e l l i t e  would be injected in to  
the tr8nsfer orb i t  for  a SynchrOn- 
ous mission. 
be fixed t o  a t t a i n  proper orbi t  
inclination. 

Self-contained Paaaive llatcury 
Dnper . 

Tiw of launch m a t  

Similar t o  that  proposed by 
WDL for  NASA ATS-C 

Throughout orbi t  

S m l l c r  atationa could be 
Mnaeot type of mobile tracker. 

Several data proceaaing 
program are already 
uoder dwelopwnt  for  the 
S t u  Senaor. 
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QuEsTIm 19 I 
Q. Does t h i s  navigation concept allow for  any satellite colllParnication 

services? 

1 

I 

I 
s' 
D 
f 

8 

A. Yes. 

As previously discusred i n  Question 7, the  average DC p r i o r y  porer required 

for  the navigation function, fan beams, and reference channel was astiumted 

t o  be approximutely 150 watts. If we assume a satellite having a t o t a l  

primary pawar of 300 watts, then one half of the  t o t a l  satellite power would 

be avai lable  for addition of communication services. This amount of primnry 

power for  communication services for a user antenna s i ze  of one foot  diameter 

would allow f o r  a t  least the  minimum services  sham below: 

I 

a. Periodic user position reporting t o  the  air t r a f f i c  control  

centers. 

b. One air/sea search and rescue d i g i t a l  VocobgR channel. 

c .  ltso d i g i t a l  VOCODER voice channels fo r  cmamica t ion  t o  user 

a i r c r a f t  . 
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Q. Would you reconmaend t h i s  navigation concept for  use as an operational 
sys tca? 

A. Yes. 

J?amlanat iog . (Volume I, Questions 1-19) 

In l i g h t  of the antsuers t o  the  previous 19 questions it seems logical  t o  

consider t h i s  system as a strong candidate for  an operational navigation 

system. 

operational system i s  selected. A eys tc r  comparison study should be per- 
formed including other types of navigation concepts t o  best  exemplify the 

advantages and disadvantages of al l  concepts. 

comparison were made, the concept presented herein would compare favorably 

with other navigation system concepts. 

However,  a f l i g h t  test experiment should be flown before any 

It is f e l t  t h a t  i f  t h i s  
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